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In analog to counterparts widely used in elec-
tronic circuits, all optical non-reciprocal devices
are basic building blocks for both classical and
quantum optical information processing. Ap-
proaching the fundamental limit of such devices,
where the propagation of a single photon exhibits
a good non-reciprocal characteristic, requires an
asymmetric strong coupling between a single pho-
ton and a matter. Unfortunately it has been
not realized yet. Here, we propose and exper-
imentally realize a quantum non-reciprocity de-
vice with low optical losses and a high isolation
of larger than 14 dB based on the cold atoms. Be-
sides, the non-reciprocal transmission of a quan-
tum qubit and non-reciprocal quantum storage of
a true single photon are also realized. All results
achieved would be very promising in building up
quantum non-reciprocal devices for quantum net-
works.
Non-reciprocal devices, such as circulators and isola-
tors used for indispensable components in information
processing, no matter in electronic circuits, or in quan-
tum networks, have attracted a lot of attentions. Op-
tical non-reciprocal devices, as for optical-based func-
tional components controlling the flow of light, are cru-
cial for advanced optical communication and quantum
information processing [1, 2]. To achieve an optical non-
reciprocal device, ones have to break Lorentz reciprocity
[3, 4]. Motivated by the desirable applications in on-chip
integration system and quantum networks, a variety of
methods with distinct physical principles have been pro-
posed to realize optical non-reciprocity. One approach is
using the spatio-temporal modulation [5–10] of the per-
mittivity of nonlinear materials to break time-reversal
symmetry. An alternative approach is to use nonlinear
processes to construct a nonlinear optical isolation [11–
14]. In addition, many other schemes have been proposed
based on various systems, such as opto-mechanical sys-
tem [15–21], atomic system [22–26] and chiral quantum
optics system [2, 27–31].
To date, most of reported schemes have been per-
formed with a weak coherent light. However, many prac-
tical quantum information processes require a genuine
single photon, not a weak coherent pulse, such as lin-
ear quantum computation[32]. Hence, the ability of re-
alizing single-photon non-reciprocity is a basic require-
ment for a quantum network. Nowadays, many feasible
schemes have been proposed to realize single photon non-
reciprocity [33–37], for example, very recently, Liu et at.
proposed a possible experimental scheme to implement
phase controlled single-photon non-reciprocal transmis-
sion based on an one-dimensional waveguide [37]. How-
ever, the single photon non-reciprocity has not been re-
alized yet. The experimental realization of a true single-
photon non-reciprocity is always the focus of people’s at-
tentions for potential applications in quantum network
such as constructing a quantum transistor [38] and quan-
tum router [34], therefore it is desirable and also a big
challenge to experimentally realize non-reciprocity in full
quantum regime.
Here, we propose and experimentally realize a scheme
to achieve a true single-photon non-reciprocity in a cold
atomic ensemble. The underlying physics in our scheme
is the asymmetric coupling between a single photon and
the specific atomic transition, which results in an asym-
metric permittivity and break the Lorentz reciprocity.
We use a heralded single photon to demonstrate quan-
tum non-reciprocity with low optical losses and high
isolation. Moreover, the proof-of-principle experimental
demonstration of non-reciprocal transmission of an arbi-
trary polarized qubit and non-reciprocal quantum stor-
age of a true single photon are also realized. We believe
all results are very promising for non-reciprocal quantum
information processing.
In the experimental diagram, a pair of non-classical
correlated photons called Stokes and anti-Stokes photon
(labeled as S1 and S2) are emitted through spontaneously
four-wave mixing (SFWM) [39, 40] process in atomic
cloud 1 (the optical depth (OD) is 14), as shown in the
top part in Fig.1(a). Two pump beams called pump 1
(780 nm, Rabi frequency 2pi × 0.67 MHz) and pump 2
(795 nm, Rabi frequency 2pi × 4.84 MHz) with orthogo-
nal circularly polarization counter-propagate through the
atomic cloud 1. The photons S1 and S2 are collected at
an angle of 3° with respect to the pump lasers. S1 photon
is detected by a single photon counting module, the her-
alded single photon S2 is collected and then coupled into
a single-mode fiber for the demonstration of quantum
non-reciprocity. Subsequently, we input S2 photon into
the atomic cloud 2 from port 1 and port 2 respectively
and study the transmission properties of the correspond-
ing output ports as shown in the bottom part in Fig.1(a).
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Figure 1. Experimental realization of quantum-regime non-reciprocity. (a) Schematic diagram of experimental setup.
Upper layer of setup is used to generate a heralded single photon through SFWM process in the cold atomic cloud 1 and the
relevant energy level configuration shown in the dashed-line rounded rectangle. ∆ represents the detuning of pump 1, which is
set to be 2pi × 50 MHz. |1〉 = ∣∣5S1/2, F = 2〉 ,|2〉 = ∣∣5S1/2, F = 3〉 ,|3〉 = ∣∣5P1/2, F ′ = 3〉 and |4〉 = ∣∣5P3/2, F ′ = 3〉 . The lower
layer is utilized to demonstrate the quantum non-reciprocity, including a non-reciprocal apparatus for a qubit as depicted in
the dashed-line rectangle. (b) The exploited multi-Zeeman sub-levels configuration in the forward-propagation case. Signal
field is σ+ polarized and coupling laser is σ+ polarized that both propagate in the forward direction. The states |g〉 , |s〉 , |e〉
correspond to |1〉 , |2〉 , |3〉 respectively. (c) The multi-Zeeman sub-levels configuration in the backward-propagation case, and
signal field is σ− polarized that propagates in the backward direction.
Here, the forward-propagation (backward-propagation)
case I (II) is defined as the propagation of S2 photon from
port 1 (2) to port 2 (1) while S2 photon co-propagates
(counter-propagates) with coupling laser. The marked
non-reciprocal apparatus for a qubit (NRAQ) shown in
dotted square frame can be considered as a whole setup
to realize quantum non-reciprocity, it is actually an op-
tical isolation of a two-port device. The NRAQ mainly
consists of the atomic cloud 2, a coupling laser and a pair
of beam displacers (BDs). Here, we input the coupling
laser into the atomic cloud 2 at an angle of 2.8° with
the respect to the propagation direction of signal pho-
ton S2. In order to minimize the noise scattering from
the coupling laser, we insert two home-made Fabry-Perot
(FP) etalons (50% transmittance, 500 MHz bandwidth)
for frequency filtering before the single photon detectors.
Fig.1(b), (c) depict the relevant energy-level configura-
tions in forward-propagation and backward-propagation
cases, where the signal (red) and coupling (blue) fields
couple corresponding atomic levels respectively. mF is
the magnetic quantum number of the atomic hyperfine
states and the σ+/σ− polarized signal photon couples
the atomic transition ∆mF = +1/ − 1 respectively. We
take into account all degenerate Zeeman sublevels in the-
oretical analysis [41, 42]. In Fig. 1(b), the five Zeeman
transitions for signals (red lines) are all connected with
the coupling transitions, which can be treated as an ef-
fectively completed Λ-type electromagnetically induced
transparency (EIT) system [43], thereby the atoms ini-
tially populated in |g〉 are transparent for the forward-
propagated photons due to the quantum interference ef-
fect. By comparison, for backward-propagation case de-
picted in Fig. 1(c), the transition of |g,mF = −2〉 →
|e,mF = −3〉 contributes to the absorption (see Method)
which prevents the propagation of photons in backward
direction. This renders asymmetric interaction between
σ+/σ− polarized photons and atoms, causing the chi-
rality in our system which can be exploited to realize
quantum non-reciprocity.
At first, we study the single-photon non-reciprocity,
in this case we block one optical path L after sig-
nal S2 passes through a BD in Fig.1(a). The mea-
sured single-photon wave packets with a resolution of
1.6 ns for forward-propagation (red line) and backward-
propagation cases (blue line) are depicted in Fig.2(a) re-
spectively. Here, we select a suitable temporal length of
S2 photon matching the EIT bandwidth of the atomic
cloud 2 to obtain the maximum transmission rate in for-
ward propagation case. The bandwidth of signal 2 is
set to be 2pi × 1.60 MHz, which can be controlled by the
Rabi frequency of pump 2. Moreover, according to Eq.10
given in Method section, we should choose a suitable OD
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Figure 2. Experimental results of single-photon non-reciprocity. (a) The measured single photon wave packets for
forward-propagation (red line) and backward-propagation (blue line) cases. (b) Single-photon EIT transmission spectra as a
function of detuning from atomic resonance |g〉 → |e〉 in forward-propagation case. The black line is the theoretical fitting.
(c) Single-photon transmission versus detuning in backward-propagation case and black line is the theoretical fitting. (d) The
transmissions FW (red), BW (blue) and contrast η (purple) as a function of OD. Here, FW (BW) refers to the forward-
propagation (backward-propagation) case. The solid lines are the theoretical fittings by using Eq.10. The experiment and
theory agreed well.
of the atomic cloud 2 and Rabi frequency of coupling
laser to obtain high transmission and high isolation si-
multaneously. The OD of atomic cloud 2 is set to be 19,
which is sufficient to prevent signal’s propagation in the
backward direction. Meanwhile, the Rabi frequency of
coupling laser is set to be 2.5Γ (Γ is the decay of level
|3〉), satisfying the requirement of high transmission in
forward direction.
In the forward propagation case, the transmission rate
is estimated to be 92.9%. By contrast, the transmission
rate is near zero exhibiting a high isolation in backward
propagation case. In addition, we define a contrast η
between two propagation cases described by the following
formula
η =
CCfw − CCbw
CCfw + CCbw
(1)
where CCfw/CCbw represents the total integral coinci-
dence counts in forward propagation/backward propaga-
tion case. The obtained η is 0.96, implying a sharp con-
trast between two propagation cases, this clearly charac-
terizes a strong non-reciprocity in our scheme.
Subsequently, we explore the relation between the
transmission and the frequency of signal 2 in two propa-
gation cases. In the forward-propagation case, we obtain
a single-photon EIT spectrum via changing the detuning
of S2 photon from −2pi×18 ∼ +2pi×22 MHz as depicted
in Fig.2(b). Here, the frequency detuning of S2 photon is
achieved by varying the frequency of P2 laser controlled
by an acousto-optic modulator (AOM). Accordingly, we
observe a single photon transmission spectra as shown in
Fig.2(c) in the backward-propagation case. Obviously, a
high contrast is available as long as the single photons
is resonant with the atomic transition of |g〉 → |e〉. In
Fig.2(d), we plot the transmissions for forward propaga-
tion (red), backward propagation (blue) and the contrast
η (purple) as a function of OD. When the OD is close
to zero, the transmission becomes symmetric due to the
nearly identical transmissions in two propagation cases
resulting in the vanish of non-reciprocal behavior. We
could increase the isolation rate by increasing OD to ob-
tain a better non-reciprocity.
Next, we characterize the transmission of qubits by
inputting four polarization states |H〉, |V 〉 , |R〉 =
(|H〉 − i |V 〉) /√2 and |D〉 = (|H〉+ |V 〉) /√2 into our
non-reciprocal apparatus. The preparation of an ar-
bitrary polarization qubit state of |ψ〉 = cos θ2 |H〉 +
eiφsin θ2 |V 〉 could be achieved by adjusting a quarter-
wave plate (QWP) and a half-wave plate (HWP). Here,
θ and φ represent the angle of HWP and QWP respec-
tively. As sketched in Fig.1(a), the NRAQ is a spatially
multiplexed dual-rail geometry constructed by a pair of
BDs. We exploit BDs to spatially separate two orthog-
onal polarization components of qubits which transmit
simultaneously in NRAQ. In addition, before signals en-
ter into the atomic cloud 2, we make two components
have identical circular polarization σ+ for satisfying the
non-reciprocity conditions described in the above con-
text. Hence, we insert a HWP on optical path R to
convert the polarization of the photon from vertical to
horizontal and a common QWP on both optical paths (L
and R) to convert the polarization of photon from hori-
zontal to circular. Subsequently, the signals are focused
into the centre of atoms by a lens with a focal length of
300 mm. Symmetrically, we recombine two paths into a
single spatial mode with the assistance of a QWP, lens,
HWP, and BD. Here, a pair of BDs form a long-time and
passively-stabilized Mach-Zehnder (M-Z) interferometer
and the relative phase between L and R is set to be
zero by adjusting the tilt of BDs. In our experiment,
we utilize two non-reciprocal processes simultaneously in
a single NRAQ to realize non-reciprocal transmission of
qubits. Ultimately, a polarization analyzer consisting of
a QWP, HWP and PBS is exploited to measure the out-
put state. For forward-propagation case, we characterize
the output polarized states by using the quantum state
tomography (see Method sections) and the reconstructed
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Figure 3. The non-reciprocity for polarization qubits. (a-d) The reconstructed density matrices for single photons
encoded in |H〉 , |V 〉 , |R〉 and |D〉 polarization respectively in the forward-propagation case. The height of bars denotes the
magnitude Abs[ρ] and color represents phase. (e-h) The contrast of forward-propagation and backward-propagation cases for
four polarization qubits.
Table  1 |  Transmission and isolation for single-photon polarization 
qubits
 H 0.9292 ± 0.0239 92.64 ±  0.69 17.12 ± 0.11
 V 14.95 ± 0.11 97.49 ± 0.39 0.9619 ± 0.0253
 R 14.86 ± 0.1293.85 ± 0.760.9042 ± 0.0239
 D 16.56 ± 0.1294.44 ± 0.980.9427 ± 0.0242
Transmission rate Transmission fidelity (%) Isolation (dB) ψ
density matrices are shown in Fig.3(a-d). By comparison,
we measure the transmission in backward (blue) and for-
ward directions (red) for four polarization qubit states
as shown in Fig.3(e-h). It is obvious that we can observe
high contrasts of 0.96, 0.94, 0.93, 0.95 respectively for
four polarized states according to Eq.1.
To further quantify the performance of the NRQA,
we have defined several parameters such as transmission
rate, transmission fidelity for forward propagation case
and isolation for backward propagation case. Here, the
transmission fidelity F is defined in Method sections, and
the transmission rate Tfw and isolation Ibw are defined as
Tfw =
CCfw
CCin
, Ibw = 10log
CCin
CCbw
(2)
here, CCin is the coincidence counts of initial input pho-
tons. The calculated values of Tfw, F and Ibw for four
polarization qubit states without any noise correction are
presented in Table . It is very clear that we realize the
high transmission and fidelity of polarization qubits in
forward direction and the low transmission in backward
direction.
Ultimately, we study the non-reciprocity of single pho-
ton storage process in our system. The non-reciprocity
light storage has attracted many interests due to poten-
tial applications in asymmetric quantum networks, and
it was demonstrated in a whispering-gallery-mode opti-
cal microresonantor [44] based on Brillouin-scattering-
induced transparency recently by using a coherent light
as input. Here, we demonstrate a quantum non-
reciprocal storage of a true single photon based on our
non-reciprocity device.
We input single photons in forward and backward di-
rections respectively with a fixed coupling laser. We
block one path L of M-Z interferometer as shown in
Fig.1(a). Note that the input signals (blue lines in Fig.4)
in two propagation cases are the same when we take the
overall loss of photons into account. In the forward prop-
agation case, the dark state is formed leading to a high
transparency of signal, which is the first step to real-
ize single photon storage based on EIT storage protocol
(see Method sections for more details). After we shut
off the coupling adaibatically, the single photon is stored
in the atomic ensemble. We utilize sequential coupling
laser pulses to dynamically write and read the single pho-
ton schematically illustrated in the green line of Fig.4(a).
The underlying mechanism in storage process can be con-
sidered as the conversion between atomic collective spin
excitation and optical mode. After a programmed stor-
age time, we read out the signal and the retrieved compo-
nent of signal (red part in read out process) is depicted in
Fig.4(a). Here, the OD of the atomic cloud 2 in storage
process is set to be 54, and the storage efficiency is close
to 9% which is mainly limited by the low OD of atoms
in our system. The storage efficiency can be further im-
proved by enlarging the OD of the atomic cloud 2 and by
optimizing the input pulse wave packet to match the EIT
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Figure 4. The non-reciprocal quantum storage. (a) The
input signal (blue line) and stored signal (red line) before
and after storage process in forward-propagation case. (b)
The input signal (blue line) and output signal (red line) in
backward-propagation case.
bandwidth of the atomic cloud 2. For comparison, we try
the single photon storage in backward case as shown in
Fig.4(b). It is obvious that we cannot observe a clear
retrieved signal, implying a high isolation for backward-
propagation signal. The forbidden storage process arises
from the reason that optical modes cannot satisfy the
condition of EIT process in backward-propagation.
In summary, we propose and experimentally demon-
strate quantum non-reciprocity based on cold atomic
ensembles. We exploit an asymmetric interaction be-
tween single photons and cold atoms to realize the no-
reciprocity in our experiment. Besides, we realize the
non-reciprocal transmission of polarization qubits and
non-reciprocal quantum storage of a true single photon,
which shows potential applications in quantum informa-
tion processing. It is an outlook that this non-reciprocity
mechanism would be realized by using single resonator
enhanced atom [28] initially prepared in a specific Zee-
man state like |g−2〉 in this work or integrated vapor cell
[45], these could give prospective for future integrated
quantum information processing.
METHOD SECTIONS
Preparation of a true single photon. We gen-
erate heralded single photons through SFWM process
in cold 85Rb atoms trapped in a 2D magneto-optical
trap (MOT). The repetition rate of our experiment is
100 Hz and experimental window is 1.3 ms during which
the MOT magnetic field is switched off completely. The
pumps 1 and 2 are controlled by two AOMs modulated
by arbitrary function generators (Tektronix, AFG3252).
Two lenses each with a focal length of 500 mm are used
to couple the signal fields S1 and S2 emitted from atomic
cloud 1. The pumps 1 and 2 are collinear, and hence
their respective signal fields are collinear to due to the
phase matching condition kp1 − kS1 = kp2 − kS2 in the
SFWM process, as in our previous work [46]. The two
signal photons are ultimately collected into their respec-
tive single-mode fibers and are detected by two single
photon detectors (avalanche diode, PerkinElmer SPCM-
AQR-16-FC, 60 efficiency, maximum dark count rate of
25/s). The signals from the two detectors are then sent to
a time-correlated single photon counting system (Time-
Harp 260) to measure their time-correlated function.
Asymmetric interaction between single photons
and atoms
The optical properties of atomic system are funda-
mentally determined by their intrinsic energy-level con-
figuration. In our work, the photons couple with spe-
cific atomic transitions, contributing to the direction-
dependent transparency and absorption, inducing this
non-reciprocity. The photons interactions with atoms in
forward and backward directions become asymmetrical,
the interaction Hamiltonian can be written as follow:
In forward-propagation case, the interaction Hamilto-
nian H fwint can be described as
H fwint = −
~
2
(
2∑
i=−2
Ω+pi |ei+1〉 〈gi|+ Ω+ci |ei+1〉 〈si|+ c.c)
(3)
−~
2∑
i=−2
(∆ωp |ei+1〉 〈ei+1|+ δ |si〉 〈si|)
here, |gi〉 refer to the Zeeman states of level g, where
−F ≤ i ≤ F . The similar definitions are adapted
to levels s and e. Ω+pi = −µei+1,giE+p /~ and Ω+ci =
−µei+1,siE+c /~ denote the Rabi frequencies of σ+ pho-
tons and coupling laser respectively. µei+1,gi represents
the dipole moment between Zeeman states|ei+1〉 and|gi〉.
∆ωp = ωp − ωge is the single-photon detuning, δ =
∆ωp −∆ωc represents the two-photon detuning.
Furthermore, in backward-propagation case, the inter-
action Hamiltonian Hbwint can be written as
Hbwint = −
~
2
[
2∑
i=−1
(
Ω−pi |ei−1〉 〈gi|+ Ω+ci |ei−1〉 〈si−2|
)
+Ω−p−2 |e−3〉 〈g−2|+ c.c.]− ~
2∑
i=−1
(∆ωp |ei−1〉 〈ei−1| (4)
+δ |si−2〉 〈si−2|)− ~∆ωp |e−3〉 〈e−3|
Ω−pi = −µei−1,giE−p /~ represents the Rabi frequency of
σ− photons.
The respective susceptibility χfw(bw) can be formula
as [42]
χfw = − 2N
5~ε0
2∑
i=−2
∣∣µei+1,gi∣∣2
Ω+pi
ρgi,ei+1 (5)
6χbw = − 2N
5~ε0
(
2∑
i=−1
∣∣µei−1,gi∣∣2
Ω−pi
ρgi,ei−1+
∣∣µe−3,g−2∣∣2
Ω−p−2
ρg−2,e−3)
(6)
here, N is atomic density. The density matrix
ρgi,ei+1can be calculated from master equation
∂ρ
∂t
= − i
~
[Hint, ρ]− 1
2
{Γ, ρ} (7)
Ultimately, susceptibility χfw(bw) can be written as
χfw =
N
5~ε0
2∑
i=−2
4
∣∣µei+1,gi∣∣2 (δ + iγgs)∣∣Ω+ci∣∣2 − 4(δ + iγgs)(∆ωp + iγge) (8)
χbw =
N
5~ε0
(
2∑
i=−1
4
∣∣µei−1,gi∣∣2 (δ + iγgs)∣∣Ω+ci∣∣2 − 4(δ + iγgs)(∆ωp + iγge)
−
∣∣µe−3,g−2∣∣2
∆ωp + iγge
) (9)
We consider an effective OD = NLk0 |µe,g|2 / (ε0γge~)
, µe,g is the effective dipole moments. Moreover, we take
into account different Clebsch-Gordan coefficients of var-
ious transitions between different Zeeman sublevels and
the relations between µe,g and µei+1,gi(µei−1,gi) referred
to [47]. k0 is the wave vector, L is the length of atomic
cloud, γgs, γge are the mean dephasing rates of atomic
transition |g〉 → |s〉 and |g〉 → |e〉 respectively.
We observe a asymmetric permittivity in forward and
backward propagation cases, which induces the non-
reciprocity in our scheme. The transmission for for-
ward Tfw and backward Tbw propagation cases can be
described by
Tfw(bw) = e
−2Im[(ωp/c)(1+χfw(bw)/2)]L (10)
here, ωp is the frequency of photon, c is the speed of light
in vacuum.
Quantum state tomography of qubits. To
characterize the output polarization qubit state, we
project single photon states onto four bases |H〉, |V 〉 ,
(|H〉+ i |V 〉) /√2 and (|H〉+ |V 〉) /√2 by a polarization
analyzer consisting of a QWP, HWP and PBS. Then,
we obtain a set of data for reconstructing the density
matrix. The fidelity is calculated by the formula F =
Tr(
√√
ρρideal
√
ρ)
2
, which compares the reconstructed
density matrix ρ with ideal density matrix ρideal. Ulti-
mately, we evaluate the standard deviation in our exper-
iment by the Poisson statistics using Monte Carlo simu-
lation with assistance of Mathematica software.
EIT quantum memory. In the forward-propagation
case, after propagating through a 200-m optical fiber
(corresponding to a time delay of ∼1 µs), S2 photon is
focus onto the atomic cloud 2 by using a lens with fo-
cus length of 300 mm. We adiabatically switch off the
coupling laser, and a stored atomic collective excitation
is obtained given by 1/
√
m
∑
eikS ·ri |g〉1 · · · |s〉i · · · |g〉m
[48], also called as a spin wave. kS = kc− ks2 is the wave
vector of atomic spin wave, kc and ks2 are the vectors
of coupling and S2 fields, ri denotes the position of the
i-th atom in atomic cloud 2. After a programmed stor-
age time, the spin wave is converted back into photonic
excitation by switching on the coupling laser again.
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